We compared the kinetics of auxin redistribution across the caps of primary roots of 2-day-old maize (Zea mays, cv Merit) seedlings with the time course of gravitropic curvature. [3H] indoleacetic acid was applied to one side of the cap in an agar donor and radioactivity moving across the cap was collected in an agar receiver applied to the opposite side. Upon gravistimulation the roots first curved upward slightly, then retumed to the horizontal and began curving downward, reaching a final angle of about 670. Movement of label across the caps of gravistimulated roots was asymmetric with preferential downward movement (ratio downward/upward = ca. 1.6, radioactivity collected during the 90 min following beginning of gravistimulation). There was a close correlation between the development of asymmetric auxin movement across the root cap and the rate of curvature, with both values increasing to a maximum and then declining as the roots approached the final angle of curvature. In roots preadapted to gravity (altemate brief stimulation on opposite flanks over a period of 1 hour) the initial phase of upward curvature was eliminated and downward bending began earlier than for controls. The correlation between asymmetric auxin movement and the kinetics of curvature also held in comparisons between control and preadapted roots. Both downward auxin transport asymmetry and downward curvature occurred earlier in preadapted roots than in controls. These findings are consistent with suggestions that the root cap is not only the site of perception but also the location of the initial redistribution of effectors that ultimately leads to curvature.
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The Cholodny-Went model of root gravitropism emphasizes the role of auxin redistribution across the elongation zone in the development of the differential growth inhibition that results in downward curvature (18) . Although the differential growth occurs in the elongation zone, the root cap is essential to the response. Removal of the cap results in loss of responsiveness (1, 2) . Konings (13, 14) suggested that the columella tissue of the root cap is not only the site of perception (12) but also the site at which transverse redistribution of auxin occurs (see review by Goldsmith [8] ( 19) . evidence that, in gravistimulated roots, auxin is asymmetrically transported across the root cap toward the lower side and that auxin can subsequently move back into the elongation zone with asymmetric auxin distribution extending at least 6 mm from the apex. Although Koning's model requires auxin movement from the cap into the elongation zone, much ofthe evidence from experiments with excised, decapped root segments indicates that auxin transport is preferentially toward the tip (16) . However, Davies and co-workers (3, 4) showed that auxin moves basipetally from the cap into the elongation zone in intact roots and they suggested that this occurs through cortical cells. Tsurumi and Ohwaki (17) also found basipetal movement ofauxin through segments of Vicia faba roots and presented evidence that the predominant pathway for basipetal movement was through the outer part of the root. Hasenstein and Evans (10) compared the asymmetry of auxin transport in intact versus decapped roots of maize. They found strong basipetal asymmetry in intact roots and noted that the asymmetry was reversed when the roots were decapped. These findings are consistent with Koning's suggestion that the root cap is the site of auxin redistribution as well as the site of graviperception.
In view of the increasing evidence that the cap may be the site of auxin redistribution during the gravitropic response of roots, we re-examined transverse auxin movement across the caps of gravistimulated roots of maize and compared lateral auxin movement across the cap with the time course of curvature. Our findings support the suggestion that asymmetric auxin movement across the root cap is an important factor in root gravitropism.
MATERIALS AND METHODS

Plant Material
Caryopses of maize (Zea mays L. cv Merit) were soaked in distilled water for 10 h prior to planting. The Auxin transport across the caps of roots was also monitored at 15 min intervals during a 2 h period of continued gravistimulation. Donor and receiver blocks were simultaneously applied to opposite sides of the root caps of vertically oriented seedlings within the dishes. Following 15 min of gravistimulation, the receiver blocks were removed and placed in scintillation vials for determination ofradioactivity. Fresh receiver blocks were then applied to the root and this procedure was repeated every 15 min for 120 min. A minimum of 48 roots was used for each data point.
Determination of Rate of Gravicurvature
Approximately 10 seedlings were mounted vertically in a humid chamber. At zero time the chamber was rotated 90°to bring the roots to a horizontal position and the roots were photographed at 5 min intervals for 180 min. The degree of curvature was measured using a protractor and rate of curvature determined by plotting curvature versus time. This experiment was repeated six times.
Prestimulation of Roots
In some experiments roots were intermittently prestimulated prior to steady exposure to the stimulus. Roots mounted vertically in Petri dishes were first rotated 900 and stimulated for 2 min. They were then reoriented 1800 and again stimulated for 2 min. This alternate stimulation on opposite flanks was repeated every 2 min for 1 h. Roots prestimulated by alternate gravistimulation in this fashion are referred to here as prestimulated roots. To control for effects that may arise from the manipulation of the roots during prestimulation, some roots were prestimulated every 2 min for 1 h as described but then rotated 900 out of the plane of prestimulation to expose a nonadapted surface to the gravity stimulus. These roots are referred to as prestimulated/rotated roots. Auxin transport across the root cap and the kinetics of curvature during prolonged stimulation were measured using both prestimulated and prestimulated/rotated roots. Ten seedlings were used for each treatment and the treatments were repeated four times.
RESULTS
Time Course of Gravitropic Curvature Figure 1 (Fig 3) . Thereafter, the downward asymmetry decreased rapidly reaching a value of about 1.2 after 120 min.
Comparison of Curvature and Asymmetric Movement of Label during Gravitropism of Roots of Prestimulated versus Control Seedlings
To test further the correlation between movement of label and curvature we measured curvature and asymmetric movement oflabel after 30 min of stimulation in both control roots and prestimulated roots. This time period was selected since prestimulated roots were well into positive curvature by that time while control roots showed approximately zero net curvature after going through the phase of negative curvature followed by return to the horizontal (Fig. 1) . After 30 min of stimulation strong preferential downward movement of label had developed in prestimulated roots. In fact the magnitude of preferential downward movement of label (1.7) in prestimulated roots measured at 30 min exceeded the maximum asymmetry (1.6, see Fig. 2 ) obtained for control roots (60 min of stimulation). By contrast, there was little or no asymmetric movement oflabel across the caps ofcontrol roots or prestimulated/rotated roots measured at 30 min.
DISCUSSION
The data obtained in this study are consistent with Konings's (13, 14) suggestion that the cap is the site of auxin 1-a1 redistribution in gravistimulated roots. They are also consistent with models for root gravitropism suggesting that auxin redistributed in the cap moves back toward the elongation zone through the cortical cells (6, 8) . According to this model, auxin moves toward the root cap through the stele and then moves back from the cap toward the elongation zone through cortical cells. In vertically oriented roots, this flow is proposed to be radially symmetrical while in gravistimulated roots it is proposed that auxin entering the cap moves preferentially toward the lower side of the cap. It then enters the transport stream moving auxin back into the elongation zone where the resulting asymmetry in auxin concentration causes the differential growth inhibition leading to curvature. In a study of auxin transport through intact (not decapped) apical sections of the maize cultivar Giant Horse Tooth, Scott and Wilkins (16) (17) , and Hasenstein and Evans (10) . If the cap is the site of auxin redistribution, one would predict a close correlation between the kinetics of curvature and the kinetics of the development of asymmetric auxin movement across the cap. We found this to be the case.
When auxin movement across the tip was monitored as redistribution of label applied as [3H]IAA we saw significant asymmetric (preferentially downward) movement of label across the caps of stimulated roots. The magnitude of preferential downward movement increased with the duration of stimulation reaching a peak asymmetry of about 1.6 (Fig. 2) . The time course of the development of asymmetric auxin movement paralleled the time course for curvature (Fig. 4) .
Although the general correlation between curvature and movement was strong, we could not detect development of 0.9 Based on the work reported here, it appears that the initial upward curvature of Merit roots may also result from overstimulation of the gravity-sensing mechanism. Prestimulated roots curved downward with no initial wrong-way curvature ( Fig. 1) and showed greater overall curvature. Surprisingly, prestimulated/rotated roots showed even stronger wrong-way curvature than controls. Although we cannot explain this observation, it merits investigation in more detail. The prestimulation appears somehow to increase sensitivity to gravity on the non-prestimulated sides of the detector cells. Prestimulated roots also exhibited earlier and stronger preferential downward movement of label than control roots.
These data support the hypothesis that auxin moves into caps of gravistimulated roots and is then redistributed resulting in curvature (6, 10, 14) . It seems unlikely that the auxin controlling curvature is synthesized in the cap since Feldman (7) reported that auxin biosynthesis in roots of this cultivar of maize is strongest in the proximal meristem with no synthesis detectable in the cap. Together, these findings imply that the cap is required for the initial redistribution of auxin during gravitropism.
